Introduction
Heterocyclic compounds play an important role among organic compounds with biological activity used as drugs in human and veterinary medicine or as insecticides and pesticides in agriculture. Chemical rings, which are present in many marketed drugs, may possess pharmacological properties or may serve as a platform for the pharmacophoric groups which will interact with the receptors. 1 Thiadiazoles belong to the classes of nitrogen-sulfur containing heterocycles with extensive application as structural units of biologically active molecules and as useful intermediates in medicinal chemistry. There are several isomers of the thiadiazole ring (eg, 1,2,3-thiadiazole, 1,2,4-thiadiazole, 1,2,5-thiadiazole and 1,3,4-thiadiazole; Figure 1 ). During the past years, substituted 1,3,4-thiadiazole derivatives have received significant attention and have been increasingly investigated due to their broad spectrum of pharmacological properties. It is supposed that 1,3,4-thiadiazole derivatives exhibit various biological activities due to the presence of =N-C-S-moiety. 2 Other authors assume that the biological activities of 1,3,4-thiadiazole derivatives are due to 4, 7, 8 Considering the high prevalence of pyrimidine derivatives in nature and also the presence of pyridazine ring in compounds possessing pharmacological activities (eg, the antidepressant, minaprine; GABA-A antagonist, gabazine; nonsteroidal antiinflammatory drug, emorfazone and the antibacterial cephalosporin, cefozopran), the potential of thiadiazole derivatives to exhibit biological activities is very high. [9] [10] [11] Moreover, 1,3,4-thiadiazole derivatives can produce mesoionic salts ( Figure 3) . Mesoionic system contains a pentatomic heterocyclic ring which possesses a sextet of p and π electrons and positive charge counterbalanced by formal negative charge. Despite their internal charges, the mesoionic compounds are neutral and able to cross cellular membranes, and this contributes to the good cell permeability of 1,3,4-thiadiazole derivatives. The mesoionic nature of 1,3,4-thiadiazoles enables these compounds to interact strongly with biomolecules (eg, DNA and proteins). 4, 12 The biological importance of 1,3,4-thiadiazole derivatives has been reported following the discovery of heterocyclic sulfonamides as reasonable antimicrobial agents (eg, sulfathiazole 1; Winthrop Chemical Company, NY, USA, 1940). 13, 14 In analogy to sulfathiazole, other sulfonamides showing similar activity such as "sulfamethizole" 2 (4-amino-N- (5-methyl-1,3,4-thiadiazol-2-yl) benzene sulfonamide, Rufol [Urgo Laboratories, Chenove, France]) 15, 16 or "sulfaethidole" 3 (4-amino-N-[5-ethyl-1,3,4-thiadiazol-2-yl]benzene sulfonamide, Globucid [Schering, Berlin, Germany]) 17 were prepared. Except sulfathiazole that is still used in the treatment of Haemophilus vaginalis vaginitis, 18 sulfamethizole and sulfaethidole currently possess only historical importance. The synthesis of "acetazolamide" 4 (5-acetylamino-1,3,4-thiadiazol-2-sulfonamide) by Roblin and Clapp 19 (Lederle Laboratories, Pearl River, NY, USA) as carbonic anhydrase inhibitor reoriented the researchers to sulfonamides bearing 1,3,4-thiadiazole ring. Acetazolamide was marketed as Diamox (Lederle Laboratories, American Cyanamid Company, Pearl River, NY, USA) in 1954. [19] [20] [21] Although its use as a diuretic is limited by systemic acidosis as a side effect, 22 acetazolamide is currently a good antiglaucoma agent. Its methylated derivative, "methazolamide" 5 (Neptazane [Fera Pharmaceuticals, Locust Valley, NY, USA]), is a more potent carbonic anhydrase inhibitor and displays diuretic, antiglaucoma and potential antineoplastic activity. 23 Cefazolin is a semisynthetic cephalosporin for parenteral treatment of bacterial infections in various organs, including septicemia. [32] [33] [34] The treatment of infections with penicillins and cephalosporins failed many times due to the methicillinresistant Staphylococcus aureus (MRSA) strains. As a result, the use of glycopeptide antibiotics (eg, vancomycin and teicoplanin) was increased. During the past years, vancomycin-resistant strains were found. To prevent the development of drug resistance, several clinical studies to compare the efficacy of cefazolin vs teicoplanin and vancomycin, respectively, were initiated. The results proved that, for the prevention of surgical-site infections, cefazolin might be the first-line medication. [34] [35] [36] [37] [38] 1,3,4-Thiadiazole ring is an important scaffold known to be associated with several biological activities including antimicrobial, [39] [40] [41] antituberculosis, 42 antiviral, 43 analgesic, 44 antidepressant and anxiolytic, 45 antihypertensive, 46 anticonvulsant, anti-inflammatory, 47, 48 local anesthetic 49 and kinesin inhibitors. 50, 51 During the past 2 decades, the number of scientific publications concerning the synthesis and biological investigation of 1,3,4-thiadiazoles has considerably increased. In addition, the amine derivatives of 1,3,4-thiadiazole are also studied. Aliphatic and aromatic amines are important moieties in many natural or synthetic biologically active compounds. Naturally occurring amines include alkaloids such as ephedrine and pseudoephedrine, which are present in several drug combinations, and catecholamine neurotransmitters (dopamine, epinephrine and norepinephrine) are essential for the proper activity of the nervous system and valuable drugs used in therapy. It is not surprising that more than 75% of drug candidates contain free or substituted amine groups. 52, 53 The cytostatic properties of 2-amino-1,3,4-thiadiazole and the anti-trypanosomal properties of megazol are evidence of the biological potential of 2-amino-1,3,4-thiadiazole moiety. The aim of this review was to highlight the main antimicrobial properties exhibited by derivatives possessing 2-amino-1,3,4-thiadiazole moiety. Furthermore, taking into account the reactivity of the amine group in the derivatization process, 2-amino-1,3,4-thiadiazole moiety Olsen et al 24 discovered the cytostatic properties of "2-amino-1,3,4-thiadiazole," having as a result many publications that launched new 1,3,4-thiadiazole derivatives with potential anticancer activity.
The synthetic studies concerning the therapy of parasitic infections gave "megazol" 6 (2-amino-5-[1-methyl-5-nitro-1H-2-imidazolyl]-1,3,4-thiadiazole, CL 64855), 25 a nitroimidazole extremely active in experimental infections caused by Trypanosoma cruzi and Trypanosoma brucei as well as drug-resistant forms of trypanosomiasis. Megazol has been found to be the best-known anti-trypanosomal candidate for the treatment of sleeping sickness in Africa and Chagas disease in South America. However, due to the high toxicity (mutagenic and genotoxic properties), its development has been postponed, but it serves as a lead compound for the development of new anti-trypanosomal agents. [26] [27] [28] [29] [30] [31] 1,3,4-Thiadiazole ring is the constitutive part of some cephalosporins and cephamycins that showed high in vitro activity against both Gram-positive and Gram-negative bacteria. A good example is "cefazolin" 7, a first-generation cephalosporin which has been used worldwide since the early 1970s (GlaxoSmithKline plc, London, UK; Ancef). 32, 33 Drug Design, Development and Therapy 2018:12 submit your manuscript | www.dovepress.com
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Serban et al may be an excellent scaffold for future pharmacologically active 1,3,4-thiadiazole derivatives. The covalent bonding of biologically active compounds with similar effect but acting by different mechanisms could lead, by synergism, to compounds with improved activity and less toxicity. 54 Some of the derivatives included in this review have the 1,3,4-thiadiazole ring linked to different homocyclic cores but many of them are bis-or polyheterocyclic compounds bearing the thiadiazole moiety linked to other heterocyclic rings. In addition, this review provides some information about structure-activity relationship (SAR) studies.
Antimicrobial activities associated with 2-amino-1,3,4-thiadiazole system
Pathogenic microorganisms are causative agents for different types of diseases such as upper and lower respiratory tract infections, typhoid fever, gastrointestinal infections, gynecological infections, sexually transmitted diseases, urinary tract infections, bacterial meningitis, osteomyelitis and malaria and also for severe diseases such as tuberculosis, influenza, syphilis and acquired immunodeficiency syndrome (AIDS). Taking into account that infectious diseases affect millions of people and cause many deaths worldwide, it can be said that anti-infective agents have saved more lives than other classes of drugs.
55
Antibacterial and antifungal activities
The antimicrobial chemotherapy is the way to combat infections through the pharmacological effects of the drugs used. Antimicrobial agents have specific toxic action on pathogenic organisms. Since the introduction of the first antibiotic (penicillin, 1942) into medical practice, there has been an ongoing race between scientists and pathogenic bacteria. 56 In the struggle for existence, the microorganisms constantly adapt by selecting higher invasive and more resistant strains. Despite the large number of antibiotics and chemotherapeutics available for medical use, the bacterial infections have dramatically increased due to bacterial resistance to antimicrobial drugs. On the other hand, the spread of HIV infection combined with the increased use of powerful immunosuppressive drugs for cancer therapy and organ transplants led to increased incidence of fungal infections among immunocompromised patients. Although most fungal infections were superficial in the past, the incidence of systemic fungal infections has currently increased. 55, 57 The gravity of bacterial and fungal infections became a major worldwide problem, and the World Health Organization chose the antimicrobial resistance as the theme of the 2011 World Health Day. Due to the occurrence of bacterial resistance (eg, MRSA that is resistant to many antibiotics), researchers are in a continuous effort to counteract infections by synthesizing new effective antibacterial and antifungal agents. 56, [58] [59] [60] Thiadiazole ring acts as a pharmacophore. It is also a bioisostere of the thiazole ring included in the third-and fourthgeneration cephalosporins, and this observation makes it possible to use it in the synthesis of antimicrobial agents. 61 Upadhyay and Mishra 62 synthesized the 5-(4-substituted phenyl)-1,3,4-thiadiazol-2-amine derivatives 8 and performed in vitro antibacterial activity against S. aureus, Bacillus subtilis, Escherichia coli and Pseudomonas aeruginosa and antifungal activity against Aspergillus niger and Candida albicans by disk diffusion technique. Fluorinated and chlorinated compounds 8a and 8b showed good inhibitory effects (inhibition between 81% and 91%) with minimum inhibitory concentration (MIC) values of 20-28 μg/mL (controlled to ciprofloxacin, MIC =18-20 μg/mL) for S. aureus and B. subtilis. In addition, halogenated compounds 8a-c and hydroxyl derivative 8d showed moderate inhibitory effects (inhibition between 58% and 79%) with MIC values of 24-40 μg/mL (controlled to ciprofloxacin, MIC =20-24 μg/mL) for E. coli and P. aeruginosa. Significant antifungal activity against A. niger and C. albicans was exhibited by derivatives 8d and 8e bearing oxygenated substituents at phenyl ring (inhibition between 58% and 66% and MIC =32-42 μg/mL compared to fluconazole, MIC =24-26 μg/mL). It appears that the halogen attached to the phenyl-1,3,4-thiadiazol moieties increases the antibacterial activity with preference against Gram-positive bacteria, while the oxygenated substituents impart antifungal activity.
A new series of 4-amino-2-{5-[(4-substituted phenyl) amino]-1,3,4-thiadiazol-2-yl}phenols 9 was synthesized, and the compounds were in vitro evaluated for their antimicrobial activity. Among the series 9, the chlorinated and fluorinated derivatives 9d-f exhibited good antibacterial activity against S. aureus and E. coli strains and antifungal activity against A. niger with MIC values of 25 μg/mL. Other fluorinated compounds incorporating 1,3, 4-thiadiazole ring and the diflunisal (a nonsteroidal antiinflammatory drug) structure were tested for antimicrobial activity using microwell dilution assay and MIC agar dilution assay. 5-(2′,4′-Difluoro-4-hydroxybiphenyl-5-yl)-phenylamino-1,3,4-thiadiazole 10 showed activity against E. coli and Streptococcus pyogenes at a concentration of 31.25 μg/mL (inhibition zone of 16-18 mm), two times greater than that observed for the control drug, ofloxacin (MIC =62.5 μg/mL). In addition, another standard drug, cefepime, was found less active against the bacteria mentioned earlier. 64 Kadi et al 54, 65 have synthesized new 2-(1-adamantylamino)-5-substituted-1,3,4-thiadiazole derivatives 11. The investigation of antimicrobial screening of the synthesized compounds revealed that the best antibacterial activity was exhibited by the p-chlorophenyl 11c and p-nitrophenyl 11e derivatives against Gram-positive microorganisms such as B. subtilis and S. aureus. Only p-nitrophenyl derivative 11e showed good activity against the Gram-negative bacteria E. coli in comparison to the reference drug, ampicillin. SAR studies have shown that the introduction of another adamantyl moiety on C-5 of thiadiazole ring increased the antifungal activity against C. albicans.
The in vitro antimicrobial activity of some new 1,3,4-thiadiazole derivatives such as 12 having a d,l-methionine moiety has been evaluated against several bacterial strains by Pintilie et al. 66 From the findings, the authors revealed that 1,3,4-thiadiazole derivatives have good activity against Bacillus anthracis and Bacillus cereus, the most active compound 12c possessing a 4-methylphenyl moiety on the heterocyclic ring. The compounds showed a very weak activity against S. aureus and E. coli strains and were inactive against Sarcina lutea strain. The antimicrobial activity of some thioethers derived from 2-amino-5-mercapto-1,3,4-thiadiazole was found to be dependent on the substitution at the mercapto group. Even though all the tested compounds showed moderate antibacterial activity against Gram-positive and Gram-negative bacterial strains and moderate to good antifungal activity against C. albicans, the findings revealed that the antimicrobial activity was improved by the introduction of a 1-arylethanone moiety at the mercapto group. The unsubstituted and halogenated aryl derivatives 13 proved to be the most active compounds against Salmonella typhimurium and C. albicans. 
10
A series of 5-substituted 2-(2,4-dihydroxyphenyl)-1,3,4-thiadiazole derivatives such as 14 synthesized by Matysiak and Malinski 68 has been evaluated for antifungal activity against C. albicans and Candida nonalbicans species. Many derivatives exhibited higher activity against C. nonalbicans species compared to standard drugs, itraconazole (MIC =85.6 μg/mL) and fluconazole (MIC =120.8 μg/mL), 2,4-dichlorophenylamino derivative 14d (MIC =37.8 μg/mL) and morpholinoethylamino 
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Serban et al derivative 14f (MIC =34.4 μg/mL) being the most active compounds. The aminoderivatives substituted with the methyl, phenyl, halogenophenyl, ethoxyphenyl and morpholinoalkyl groups showed higher antifungal activity against C. albicans strains. For some of them, such as phenylamino derivative 14b (MIC =36.3 μg/mL) and 2,4-dichlorophenylamino derivative 14d (MIC =32.6 μg/mL), an activity higher than that of itraconazole (MIC =47.5 μg/mL) was observed. A number of 2-amino-1,3,4-thiadiazoles substituted at C-5 of thiadiazole ring with the phenyl or phenol group showed moderate to significant antibacterial and antifungal activities against Gram-positive bacteria (S. aureus and B. cereus), Gram-negative bacteria (E. coli and P. aeruginosa) and fungal strains (A. niger and Aspergillus fumigatus) compared to standard drugs, streptomycin and fluconazole. The compounds 15 possessing the p-nitroaniline moiety showed the most promising antibacterial and antifungal properties. 69 Having 5-(4-chlorophenylamino)-2-mercapto-1,3,4-thiadiazole as starting material, Sah et al 72 have synthesized the Mannich base which was converted to the corresponding formazans with aromatic, benzenesulfonic acid or sulfonamide moiety. Among the synthesized compounds, the aromatic formazans 18 were the most active compounds showing good activity (zone of inhibition of 15-19 mm) against Salmonella typhi strain (compound 18a) and E. coli strain (compound 18b) at the concentration of 500 μg/disk. The same compounds showed good antifungal activity against A. niger and/or Penicillium sp. and only moderate activity against C. albicans.
Some nitrophenoxymethyl-1,3,4-thiadiazole derivatives such as 16 synthesized by Shah et al 70 were evaluated for antimicrobial activity. The introduction of the nitro group significantly increased the antibacterial activity against S. aureus, the studied compounds exhibiting comparable activity to standard drugs, chloramphenicol and ampicillin. In comparison, the acetamidophenoxymethyl-1,3,4-thiadiazole derivatives 17 exhibited moderate antibacterial activities against B. subtilis. The introduction of p-tolyl substituent (compound 17b) at the amine group of 1,3,4-thiadiazole ring significantly increased the activity. 71 Dogan et al 73 have examined the effect of various substitutions at the amine group of 2-amino-5-(3-hydroxy-2-naphthyl)-1,3,4-thiadiazole on antimicrobial activity against different bacterial and fungal strains. Among the series, the p-chlorophenyl derivative 19 was marginally active against S. aureus (MIC value of 62.5 μg/mL), and it may be considered for the development of new antibacterial agents.
Insertion of a long alkenyl/hydroxyalkenyl chain to the fifth position of 1,3,4-thiadiazole ring is a useful tool in the The metal complexes showed comparable or greater activity against some of the tested microorganisms compared to the ligand. S. typhi, Shigella sp. and P. aeruginosa were more sensitive to the metal complexes than S. aureus, Klebsiella sp. and E. coli. In addition, the metal complexes did not show toxicity against the activity of some kidney, liver and serum enzymes, making these compounds promising candidates for antibacterial treatment.
2-Amino-5-R-1,3,4-thiadiazole derivatives have also been investigated for their ability as complexation agents to obtain compounds with enhanced biological properties due to the presence of metal ions. Thus, 5-(2-aminoethyl)-2-amino-1,3,4-thiadiazole 21 and its Cu(II) and Ni(II) complexes 22a-b were reported by Barboiu et al. 75 The antifungal activity of the ligand and its metal complexes against two Aspergillus species and C. albicans was investigated. Compared to antifungal drug, clotrimazole, the ligand was much less active, while the metal complexes showed an increased antifungal activity. The most active compound, Cu(II) complex 22a, was almost as effective as clotrimazole against A. niger and Taking into account that the presence of a heterocyclic ring increases the probability of antimicrobial properties of a compound, bis 1,3,4-thiadiazole derivatives such as 24 have been synthesized from various dicarboxylic acids and were investigated for in vitro antibacterial and antifungal activities.
The results showed that the tested compounds exhibited comparable antimicrobial activity with the standard antibiotics such as ciprofloxacin and griseofulvin, the most active compound being the methyl derivative (n=1). 77 Moreover, Salimon et al 
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An attempt to prepare active compounds of the thiadiazole derivative series combining the xylosyl moiety and the aryltetrazole ring gave compound 27 exhibiting S. aureus inhibitory activity. 79 It is well known that furan derivatives bearing a nitro group in the 5-position and a group of the general type -C=N-N=C-, which may be incorporated in a heterocycle, possess in vivo antibacterial properties. 84 Among the studied compounds, the tolyl derivative 31 showed about half of the activity of ampicillin against Gram-positive microorganism S. aureus. Even if the antimicrobial activity is not very high, the complexity of the reported compounds makes them promising pharmacological agents. In the search for new antimicrobial agents, 2-amino-1,3,4-thiadiazole derivatives bearing isomeric pyridyl ring have been synthesized and the antibacterial studies have also been reported. The naphthyl derivative 32 exhibited very weak inhibitory activity against S. aureus and E. coli, while the benzyl derivative 33 was more active than other studied compounds against tested Grampositive and Gram-negative bacterial strains. 85, 86 Similar hybrid compounds which have a 2-pyridyl ring linked to 1,3,4-thiadiazol moiety through a methylene group (eg, compound 34) also exhibited moderate activity against some Gram-positive cocci, Gram-negative rods and fungi. 87 
previous examples, the pyridyl derivatives 35e-f exhibited the best inhibition activity among the tested compounds. 88 Andrews et al 89 synthesized some new 2-amino-1,3,4-thiadiazole derivatives substituted at C-5 of thiadiazole ring with dihydropyrimidine moiety. The compounds such as 36 were evaluated for in vitro antibacterial activity at a concentration of 10 μg/mL by measuring the inhibition area on agar plates (diffusion method). Moderate activity against E. coli was shown by nitro derivatives 36c-d using dimethyl sulfoxide (DMSO) as a control and ciprofloxacin as standard drug. Hydroxyl derivatives 36a-b exhibited moderate to good inhibitory activity against P. aeruginosa, S. aureus and E. coli. 
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Serban et al C. albicans. Both types of compounds bearing aliphatic and aromatic substituents inhibited the growth of fungal strains at concentrations ranging between 4 and 8 μg/mL, the most susceptible microorganism being T. mentagrophytes (MIC value of 4 μg/mL). The SAR study showed that the arylamino substituent at C-5 of the thiadiazole ring can change the antimicrobial spectrum. Thus, the nitro derivative 44c exhibited activity against S. aureus similar to benzylpenicillin, the o-tolylamino derivative 44a was as active as amoxicillin against Gram-negative bacteria E. coli and Proteus vulgaris, while the p-tolylamino derivative 44b exhibited antifungal activity against A. niger. 97 Amir et al 39 have synthesized new 2-R-5-(6'-chloro-1',3'-benzo[d]thiazol-2-yl-amino)-1,3,4-thiadiazoles 45, and the antimicrobial activity has been evaluated. The compounds having 2-acetoxyphenyl (45a), 2-naphtylmethyl (45b) and 2,4-dichlorophenyl (45c) groups at C-2 of thiadiazole ring showed potent antibacterial activity, while the compounds having 2-aminophenyl (45d) and 2,4-dichlorophenoxymethyl (45e) groups showed potent antifungal activity. New 1,3,4-thiadiazole derivatives such as 46 incorporating a fluorobenzothiazole moiety have been synthesized by Vedavathi et al. The antimicrobial screening showed significant antibacterial and antifungal activity for some of the studied compounds (eg, morpholine and piperazine derivatives). 55, 98 1,3,4-Thiadiazole derivatives 47, 48 and 49 bearing benzimidazole (47), benzoxazole (48) and benzothiazole (49) moiety, respectively, were screened for antibacterial activity against E. coli and Bacillus cirrhosis and antifungal activity against A. niger and Penicillium worthmanni. In comparison to norfloxacin and griseofulvin, all the tested compounds exhibited moderate to good antibacterial and antifungal activities at a concentration of 100 μg/mL. It should be noted that pyridine-substituted compounds 47b, 48b and 49b were more active at every concentration (100, 50 and 25 μg/mL) than benzyl-substituted compounds. Among the three reported heterocyclic systems, the benzimidazole derivatives such as 47 have shown better antimicrobial activity. 99 electron-donating groups (eg, methyl and methoxy) on C-2 of the arylamino group.
Other chlorobenzothiophene derivatives bearing the N-imidazolylthiadiazolylamine moiety were investigated for their antimicrobial activity. The benzimidazole derivative 42 showed marked antifungal activity against A. niger, while the 4,5-dihydroimidazol derivative 43 showed moderate antibacterial activity against B. cereus. 
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The synthesis of new polymers derived from poly(vinyl chloride) (PVC) was carried out by Yousif et al. 100 The modified PVC polymers 50 contain 1,3,4-thiadiazole ring and were obtained through the chlorine displacement reaction from PVC with heterocyclic moiety. The preliminary screening for the antimicrobial activity of the polymers was performed on three bacterial strains: S. aureus, Streptococcus viridans and E. coli and three fungal strains: Fusarium oxysporum, Alternaria alternata and Alternaria solani with promising results.
8-Hydroxyquinoline derivatives, such as nitroxoline and chlorquinaldol, are well-known antimicrobial agents used for the treatment of urinary and intestinal infection, respectively. A new series of metal chelates of 5-[4-chlorophenyl-(1,3,4-thiadiazol)-2-ylaminomethylene]-8-hydroxyquinoline derivative 51 was synthesized by Patel and Singh. 101 The antifungal activity of the ligand and its transition metal chelates were evaluated. The findings suggested that the chelates are more toxic compared to the ligand. Cu 2+ chelate 51a was the most active among the studied compounds.
The in vitro activity of 1,3,4-thiadiazole derivatives 52 bearing an imidazo [2,1-b] thiazole moiety has been evaluated against bacterial strains of S. aureus, P. aeruginosa and E. coli and fungal strains of C. albicans, C. parapsilosis, Candida krusei, T. mentagrophytes, Trichophyton tonsurans and M. gypseum. The ethyl derivative 52b showed the highest activity against E. coli, and both methyl (52a) and ethyl (52b) derivatives were very active against T. tonsurans. 102 Hybrid molecules 53 incorporating a fluoroquinolone moiety and the thiadiazole ring have been synthesized, and the antimicrobial activity was investigated. The screening data revealed that the tested compounds showed moderate to excellent antibacterial and antifungal activity. Thus, the phenyl derivative 53a was more active against A. niger than nystatin, and the tolyl derivative 53b was more active against P. aeruginosa than chloramphenicol. Compared to the known antibacterial fluoroquinolones, the hybrid compounds 53a-b showed a very narrow antimicrobial spectrum. The hybrid derivatives 54 having the 1,3,4-thiadiazole ring attached to the antipyrine moiety showed weak inhibitory activity against Gram-positive bacteria S. aureus and B. subtilis and no activity against some Gram-negative bacteria. 104 However, the introduction of a third heterocyclic nucleus in the structure of some hybrid antipyrine derivatives gave the compounds such as 55 with very good antimicrobial activity against enteric bacteria such as E. coli, Enterobacter aerogenes and Y. pseudotuberculosis and Gram-negative bacteria P. aeruginosa (inhibition zone .20 mm at 5 μg/mL). The most active derivative 55a was two times more active than ampicillin. Hybrid sulfonamide-1,3,4-thiadiazole derivatives such as 56, combining two pharmacologically active molecules in one new compound, have been synthesized by Camoutsis et al. 106 The antimicrobial study against Gram-positive bacteria, Gram-negative bacteria and fungi has revealed some differences depending on the nature of the substituents. The relationships between the structure and the antimicrobial activity showed that pyrrolidine, piperidine and methylpiperazine derivatives are more active, the pyrrolidine derivative 56a exhibits the best antibacterial activity and the methylpiperazine derivative 56c exhibits the best antifungal activity. Moreover, the SAR study showed that the inhibitory effect depends on the substitution at the phenylamino group. Thus, substitution at the para position of the benzene ring with the CF 3 group or chlorine improved the antimicrobial activity which indicates that the antimicrobial activity is correlated with the lipophilicity of the compounds expressed by the calculated values of ClogP.
Hybrid coumarin-1,3,4-thiadiazole derivatives such as 57 have been synthesized by Serban et al, [107] [108] [109] and the antimicrobial activity has been investigated. The preliminary results of antimicrobial activities indicated that some compounds exhibited moderate to good antibacterial and antifungal activity with a narrow antimicrobial spectrum limited to P. vulgaris, P. aeruginosa and C. albicans. Except the 3-[5-(4-methylphenylamino)-1,3,4-thiadiazol-2-yl]-6-nitrocoumarin derivative 57h, which had no activity against the bacterial and fungal strains, all the tested compounds showed good activity against P. aeruginosa at a concentration of 50 μg/disk (inhibition zone of 19-22 mm), which indicates that the coumarin-1,3,4-thiadiazole system might be a promising scaffold for new antibacterial agents. In addition, the introduction of a nitro group on the coumarin ring improved the antibacterial activity against P. vulgaris (compounds 57g and 57k, inhibition zone .16 mm), while the coumarin derivatives without the nitro group showed moderate antifungal activity against C. albicans (compounds 57b, 57e and 57f, inhibition zone .12 mm). All the tested compounds were inactive against S. aureus, E. coli and K. pneumoniae. 
Antitubercular activity
The treatment of infections caused by Mycobacterium tuberculosis strains has rapidly become a health problem due to the increasing resistance of bacteria to common antitubercular drugs. Moreover, the multidrug-resistant tuberculosis (MDR-TB) coupled with the increasing overlap of the AIDS and tuberculosis pandemics have brought tuberculosis among the major worldwide health problems. The development of new classes of antitubercular drugs containing a core of 2-amino-1,3,4-thiadiazole moiety is a very challenging task to many scientists. Antibacterial quinolones became interesting medicines because of the broad antibacterial spectrum on both Drug Design, Development and Therapy 2018:12 submit your manuscript | www.dovepress.com
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Gram-positive and Gram-negative bacteria. Fluoroquinolone derivatives have been introduced in therapy since 1980s and have multiple recommendations, some of them (eg, gatifloxacin, sparfloxacin and moxifloxacin) being also used in tuberculosis treatment in the cases involving resistance or intolerance to first-line antituberculosis therapy. 110, 111 A new class of antibacterial fluoroquinolones is represented by sulfonyl-fluoroquinolones which are hybrid molecules incorporating a sulfonamide moiety and a fluoroquinolone ring. Sulfonyl-fluoroquinolones are particularly active against Gram-positive bacteria. Thus, Talath and Gadad 112 have synthesized several 7-[4-(5-amino-1,3,4-thiadiazol-2-sulfonyl)piperazin-1-yl]fluoroquinolone derivatives such as 58. The unsubstituted cyclopropyl 58a and ethyl 58b derivatives showed moderate activity against M. tuberculosis strain H 37 Rv at MIC of 10 μg/mL with respect to reference drug, isoniazid. The studied compounds showed antibacterial activity against other Gram-positive bacteria (S. aureus, E. faecalis, Bacillus sp., MIC =1-5 μg/mL) better than the reference fluoroquinolones (ciprofloxacin, norfloxacin, sparfloxacin and gatifloxacin) and almost similar activity as reference drugs against Corynebacterium sp. The best activity was exhibited by the derivatives 58c and 58d, which were active against all the tested Gram-positive bacteria (MIC =1-5 μg/mL). All derivatives exhibited poor activity against Gram-negative bacteria. These results are in agreement with some earlier reports which showed that substitution with aryl/heteroaryl groups at C-7 of fluoroquinolone ring is responsible for distinguishing between antibacterial activity against Gram-positive and Gram-negative bacteria. [112] [113] [114] The reason might be differences in the structure of the cell wall of Gram-positive bacteria and Gram-negative bacteria. The cell walls of the Gram-positive bacteria contain peptidoglycan and bacterium may or may not be surrounded by a polysaccharide envelope. The cell walls of the Gramnegative bacteria contain lipopolysaccharides. The attack site of anti-cell wall agents is the peptidoglycan layer which is essential for the survival of bacteria. The damage of this layer leads to changes in the bacterial cell wall resulting in death. 115 In the case of compounds such as quinolones, which act as antibacterial agents by different mechanism, the structure of the cell wall is still important. The peptidoglycan layer of the Gram-positive bacteria allows the hydrophobic compounds to cross the cell wall and penetrate into the cell, while the lipopolysaccharides of the Gram-negative bacteria repel the hydrophobic compounds. The impermeable cell wall makes the Gram-negative bacteria more resistant to large or intensively hydrophobic molecules. 6 New α-[5-(5-amino-1,3,4-thiadiazol-2-yl)-imidazol-2-ylthio] acetic acid derivatives such as 59 were in vitro evaluated for antitubercular activity against M. tuberculosis strain H 37 Rv. Compared to standard drug, rifampicin, the tested compounds exhibited low activity (MIC $6.25 μg/mL, inhibition #24%), but they might be considered as good starting compounds for better antitubercular agents. 116 In comparison, the dichlorobenzothiophene thiadiazole 44c exhibited very high activity against M. tuberculosis strain H 37 Rv in BACTEC 12B medium (98% inhibition) at the concentration of 6.25 μg/mL. [4-(5-alkyl/arylamino-1,3,4-thiadiazol-2-yl) phenyl]thioureas 60. Using BACTEC 460 radiometric system (Becton Dickinson, Cockeysville, MD, USA), the in vitro activity against M. tuberculosis strain H 37 Rv at 6.25 μg/mL has been studied. Compared to standard drug, rifampicin, the best inhibitory activity (67%) was shown by the derivative 60a having a cyclohexyl group, while the derivative 60b having a p-chlorophenyl group showed 32% inhibition against M. tuberculosis. Other derivatives exhibited different degrees of inhibition (16% for compound 60c, 6% for compound 60d).
be considered a good scaffold for the development of new antituberculosis agents. The electronic topological method (ETM) and feed-forward neural networks (FFNNs), which were used for the structure-antituberculosis activity relationship study, gave a system of pharmacophores and anti-pharmacophores able to separate the examined compounds in active and inactive compounds. According to these methods, low-activity molecules form a buffer zone consisting of compounds that can include both pharmacophores and anti-pharmacophores. 42 The antimycobacterial activity against M. tuberculosis of 1,3,4-thiadiazole derivatives bearing an imidazo [2,1-b] thiazole moiety has been evaluated, the most active compound being the phenylamino derivative 62 (16% inhibition, MIC .6.25 μg/mL). 102 Vasoya et al 95 
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Similarly, 2-amino-5-R-1,3,4-thiadiazole derivatives such as 61 were investigated for antitubercular activity. Among the tested compounds, 2-phenylamino-5-(4-fluorophenyl)-1,3,4-thiadiazole 61e showed the best inhibitory activity (69%), while 2-phenylamino-5-phenyl-1,3,4-thiadiazole 61a showed 65% inhibitory activity against in vitro growing M. tuberculosis H 37 Rv at a concentration of 6.25 μg/mL. Other studied molecules were classified as high activity compounds (28 derivatives, inhibition activity $35%), and this structure may New N- [5-(1- amino-2-phenylethyl)-1,3,4-thiadiazol-2 -yl]-6-fluoro-7-substituted 1,3-benzothiazol-2-amine derivatives such as 63 have been in vitro evaluated for antitubercular activity against M. tuberculosis strain H 37 Rv. The compounds showed promising antitubercular activity in comparison to standard drugs, rifampicin and isoniazid. 118 Bayrak et al 105 hybridized antipyrine with 1,3,4-thiadiazole and 1,2,4-triazole rings, 
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Serban et al getting the compounds such as 55. Even if the synthesized compounds were completely inactive against Gram-positive microorganisms such as S. aureus, E. faecalis or B. cereus, the studied compounds exhibited good inhibitory activity (inhibition zone of 25 mm at 5 μg/mL) against Mycobacterium smegmatis which is an atypical factor of tuberculosis.
Some thiadiazole derivatives designed as M. tuberculosis inhibitors were tested using BACTEC 460 radiometric system. The antitubercular activity of 2-(alkyl/arylamino)-5-(4-aminophenyl)-1,3,4-thiadiazoles 64 was compared to those of the Schiff bases 65 obtained by the condensation of the starting thiadiazoles with aromatic and heterocyclic aldehydes. Some Schiff bases synthesized from salicylaldehyde and 3-nitrobenzaldehyde and bearing an arylamino group at C-2 of thiadiazole ring were more active than the starting thiadiazoles (eg, compounds 65c-f). All the Schiff bases having an alkylamino group at C-2 of thiadiazole ring were less active than the starting thiadiazoles (compounds 65a-b). 2-Phenylamino-5-[4-(2-hydroxybenzylideneamino) phenyl]-1,3,4-thiadiazole 65c showed the highest inhibition (51%, MIC .6.25 μg/mL), 119 which is in agreement with other studies indicating that the conjugation of hydroxyl ligand with the imine group synergistically enhances the antimycobacterial activity. 
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Other hybrid molecules incorporating the 1,3,4-thiadiazole ring and benzimidazole (47) , benzoxazole (48) and benzothiazole (49) moiety were screened for in vitro antitubercular activity against M. tuberculosis H 37 Rv strain using the microplate Alamar blue assay (MABA). Compounds demonstrating at least 90% inhibition in preliminary screening were further evaluated to determine the MIC. All the compounds exhibited inhibitory activity against M. tuberculosis with a rate of inhibition between 53% and 95% at a concentration of 6.25 μg/mL. Out of all heterocyclic derivatives, the benzoxazole derivatives such as 48 have shown the best inhibitory activity (93% for 48a and 95% for 48b), while the benzimidazole derivatives such as 47 have shown the moderate inhibitory activity (77% for 47a and 74% for 47b). system have been prepared. 2-Arylamino-5-glycosyl-1, 3,4-thiadiazole derivatives such as 68 were synthesized by Zong et al, 124 and the fungicidal activity against six fungal species: S. sclerotiorum, Phytophthora parasitica, B. cinerea, Rhizoctonia solani, Pyricularia oryzae and Phoma asparagi was in vitro investigated. Most of the 20 studied compounds displayed good fungicidal activities against S. sclerotiorum (12 compounds with inhibition rate of $85%) and P. oryzae (seven compounds with inhibition rate of $80%) at a concentration of 50 μg/mL. Further studies against S. sclerotiorum at the concentrations of 50, 20, 10, 5 and 2 μg/mL were used to determine the effective concentration values EC 50 . About half of the studied compounds displayed good fungicidal activity with EC 50 ,3 μg/mL. The SAR studies showed that the compounds with two electron-withdrawing groups at the benzene ring exhibited the best fungicidal activity. Thus, compounds 68b (EC 50 =0.29 μg/mL) and 68j (EC 50 =0.46 μg/mL) are comparable with the commercial fungicide, chlorothalonil. In comparison, the compounds with two electron-donating groups at the benzene ring, such as 68a and 68f, displayed only moderate fungicidal activity. Furthermore, SAR studies revealed the importance of the hydroxyl protecting group in the sugar ring. Thus, the compounds without any hydroxyl group protection in the sugar ring displayed moderate to significant decrease in their fungicidal activity. In addition, the allyl protecting group was more efficient for the fungicidal activity compared to the acetyl protecting group. In general, the allyl derivatives displayed better fungicidal activity against the six fungal species than the acetyl derivatives (eg, 68c and 68h, 68d and 68i and 68e and 68j).
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Fungicidal and herbicidal activities
The fungicidal activity of thiadiazole derivatives against A. niger and Harpophora oryzae and their potential application as pesticides in agriculture has been previously reported. 122, 123 Some sulfide, sulfoxide and sulfonamide thiadiazoles were also reported for their fungicidal activity against Gibberella zeae, Botrytis cinerea, Sclerotinia sclerotiorum, F. oxysporum or Cytospora mandshurica. 6 In this connection, various derivatives containing 2-amino-1,3,4-thiadiazole Yadav et al 125 have synthesized 2-amino-5-substituted-1,3,4-thiadiazoles 69, and the in vitro fungicidal activity against P. oryzae and R. solani at 500 ppm was investigated. Fungicidal screening data indicated a moderate activity compared to the reference fungicide, carbendazim, the tested compounds being more active against P. oryzae than R. solani. The nature and the position of the substituents of the phenyl ring significantly changed the biological activity. Among the tested compounds, the chlorosubstituted derivatives 69a, 69b and 69d have shown greater activity (P. oryzae inhibition rate between 32% and 42%) than the methylated ones (eg, 69c, P. oryzae inhibition rate of 16%), the para chlorinated compound 69a being the most active. Methylation of the p-chloroderivative decreased the activity on both fungi.
Chu et al 126 have synthesized several ω-(5-arylamino-1,3,4-thiadiazol-2-thio)-ω-(1H-1,2,4-triazol-1-yl)acetophenone derivatives such as 70 which exhibited, at a concentration of 50 ppm, fungicidal activity against some pathogenic fungi of plants such as leaf rust of barley, leaf spot of beet, early blight of tomato, gray mold of cucumber and sclerotium blight of colza with an inhibition rate between 5% and 66.6%. Chemical modification of these structures might give good fungicidal agents for agriculture. inhibition). A quantitative SAR (QSAR) study showed that the increase in the hydrophobicity of R 2 leads to an increased fungicidal activity (m-CF 3 . o-F . H). Concerning the substituent R 1 , the best and consistent results were obtained in the cases of ortho substituents with inductive electron-donating properties. The preferred substituent for R 1 was the 2,4-dimethyl group, as can be seen with compounds 71d and 71e.
In addition, pyridazinone-substituted 1,3,4-thiadiazoles 71 synthesized by Zou et al 127, 128 were tested for in vivo antifungal activity against wheat leaf rust, Puccinia recondita, at a concentration of 0.001 M solution in water/dimethylformamide. Some derivatives showed high inhibitory activity (80%-90%) compared to the commercial fungicide, triadimefon (100%
Conclusion
Thiadiazole ring is present in compounds with various biological activities. Among the different isomers of thiadiazole, 1,3,4-thiadiazole derivatives are most studied due to broad spectrum of pharmacological activities. Although only a few pharmacological effects exhibited by 1,3,4-thiadiazole derivatives are currently clinically used (eg, antibacterial activity and carbonic anhydrase inhibiting activity), the substitution at thiadiazole ring is a challenging approach to obtain agents with improved potency and less toxicity.
The cytostatic properties of 2-amino-1,3,4-thiadiazole and the anti-trypanosomal properties of megazol are evidence of the biological potential of the 2-amino-1,3,4-thiadiazole moiety. Literature surveys report the antimicrobial activity of substituted 2-amino-1,3,4-thiadiazoles, making 2-amino-1,3,4-thiadiazole a unique template with significant utility in medicinal chemistry. Many 2-amino-1,3,4-thiadiazole derivatives can be considered as lead compounds for drug development. The SAR studies revealed that the antimicrobial activity is dependent on the nature of the substituents at the thiadiazole nucleus.
Although the antibacterial, antifungal and antitubercular properties are the main antimicrobial activities studied, other antimicrobial activities exhibited by 2-amino-1,3,4-thiadiazole derivatives are also explored. Many derivatives have shown good antimicrobial activities with good in vitro experimental results but deficient in vivo experimental data, suggesting that the mechanism of action is not clear and further studies are needed.
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